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Method for the measurement of anisotropy and rotational hysteresis
using linear dichroism
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A technigue combining x-ray magnetic linear dichroism absorption spectroscopy and rotational
hysteresis loops is demonstrated. This technique, x-ray magnetic linear(Xufd ), is used to
extract magnetocrystalline anisotropy information. Results from two systems, a polycrystalline Fe
film, and an epitaxial Fe film which exhibit different magnetic anisotropies, are shown. The
measured XMLL is described using a simple single-domain anisotropy modeR0@ American
Institute of Physics.[DOI: 10.1063/1.1383573

Typically, magnetic measurements of hysteresis angbendicular to the polarization axis, and one that has the mag-
magnetocrystalline anisotropy are performed using one ofietization parallel to the axis. Van der Laan has shown that
several bulk magnetization techniques. One method is to usspin-orbit anisotropy information can be obtained from
a vibrating sample magnetomete’s drawback to this XMLD by application of sum ruleg? However, the form of
method is that a number of measurements are needed to dée linear dichroism respondée., ((M-€)?)] suggests a
termine anisotropy information. Another method is to use amore direct way of extracting anisotropy information. To
torque magnetometérThis instrument allows direct deter- measure a x-ray magnetic linear lo6¢MLL ), an external
mination of the anisotropy constants of a material-field held at constant magnitude is rotated 360° in the plane
Synchrotron-based techniques have also been used. Opgthe sample. With weak anisotropy or large field magni-
method employed is to measure hysteresis loops in conjungude, M will follow the applied field and the magnitude of
tion with x-ray magnetic circular dichroism in absorption the XMLL signal will follow cos 2y, where y is the angle
(XMCD)-2 This technique, however, is limited to systems petweenM and ¢. Clearly, a sample’s magnetocrystalline
with ferromagnetic order and requires a number of measuregnisotropy will cause the measured XMLL signal to deviate
ments to determine the direction of the magnetization in th@om this relationship. Results below on two Fe films of dif-
system under studA method is presented for the measure-ferent crystallographic orientation and magnetic properties
ment of rotational hysteresis loops from both ferro- and an+onfirm our model.
tiferromagnetic materials. X-ray magnetic linear dichroism  goih films were grown using magnetron sputter deposi-
(XMLD) spectroscopy is used to monitor the absorption sigiion. The polycrystalline Fe film, grown at room temperature,
nal from polycrystalline Fe and an epitaxially grown(@@)  paq the following structure: SiN/300 A Fe/25 A Au. The
film, y'eld"r‘f% anisotropy information in - a single fgo01) film was grown according to the recipes given in
measuremerit.- . _ Refs. 9 and 10. MgO was used for th@01) substrate, Cr

The majority of dichroism experiments performed to buffer layers consisted of 25 A at 600°C, and 300 A at
date have used circularly polarized light, due to the relatively300 °C. At 200°C an additional 25 A of Cr was deposited
large response size of the XMCD effelet 150 % with re- — yon 4 157 A Fe film was deposited. A 20 A8} layer
spect to theoedge JumpXMLD, on the_ other hand, is ml_JCh served as a cap to prevent oxidation. Magneto-optic Kerr
wgaker 8%), andth.us more e>.<per|.mentally demandifg. effect (MOKE) hysteresis loops were measured on both
With the advent of third-generation light sources, howeveLSamples to determine the bulk magnetic properties. Addition-

this has become of less concern. With linearly polarize Lilv. x-rav diffraction was used to confirm the crvstallo-
light, the dichroism is sensitive to the orientation of magnetic Y. y y

momentM, with respect to the polarization direction of in- graphic orientation of th€001) film. .
cident x-ray fielde, such that((M-%)2>. Thus. an XMLD Measurements were performed at SRI-CAT beamline

spectrum is obtained by taking the difference between ag'lD'C at the Advanced Photon SourteThe end station

absorption spectra taken with a sample’s magnetization peHsed has two |nte.gral Q|pole electromagpets orlgnted at 90
to one another. With this arrangement, it is possible to apply

a field of up to 1 kOe in any direction in the plane of the
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CA 95193, beam. The absorption signal is measured by monitoring the
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FIG. 1. X-ray magnetic linear loops vs applied-field angle for polycrystal-
line Fe(top, circled crossgsnd F€001) (bottom, filled circles Solid lines:
(bottom, calculation; top, fit Field magnitudes used wefkl| =60 Oe and
|H|=45 Oe for the F@®01) and polycrystalline, respectively.

total drain current from the sample, total electron yield, how-
ever, detection efficiency of electrons will vary with applied
field strength and direction. Two measurements are made at
different photon energies in order to take detection variations
into account. One measurement is made at resonarice,
=707 eV, while the second is made at a photon energy well Applied Field Magnitude (Oe)

above the absorption edge,= 740 eV1% The magnetic con-

tribution at resonance can be determined by normalizing the FIG- 2. XMLL amplitude and phase lag v8i| for polycrystalline Fe.

XMLL signal, i.e., o, /a,.

The XMLL measured with an applied field ofH| case. Such behavior indicates that, as the applied field ro-
=45 Oe on the polycrystalline sample is shown in Fig. 1 agates, the magnetization “jumps” from one easy axis to the
circled crosses. Note that the coercivity of the samidle, is  next.

32 Oe. The gray solid line is a fit to the data given by the  To investigate this behavior further, a simple model of
relation A cos(2y+®). Given the weak anisotropy of the the system is presented and discussed. We assume that the
polycrystalline film, it is expected that the film magnetization sample contains a single magnetic domain, the moment of
will rotate coherently and track with the applied field. Given which rotates coherently and exhibits fourfold anisotropy.
the close agreement between the fit and the data, we can infeurthermore, we assume the moment remains in plane, and
that this is indeed the case. But,|&H is reduced, the energy ignoring higher-order anisotropy terms, the total energy of
applied to the system is lowered such that a change in botthe system is then given s

magnitudeA and phase lag should be observed. To exam-

Phase Lag (degrees)

. K

ine the form ofA and ®, a number of XMLL curves were E=—-(1-cos 4y)—HMcosf.

taken using differentH|. From the fits of these curves, 4

and® were determinedshown in Fig. 2. Here,K is the magnetocrystalline anisotropy constahis

The XMLL amplitude as a function diH| is shown at  the angle between the applied field and the magnetization,
the top of Fig. 2. Due to the polycrystalline structure of theis the magnitude of the applied fieltj is the saturation
sample, it is expected that changes in the magnetization staggagnetization, and as used aboyés the angle between the
will be dominated by domain-wall motion. Thus, the de- magnetization ande. Additionally, we define y=¢— 6,
crease of the amplitude is assumed to be exponential. Thghere¢ is the angle of the applied field with respecttoTo
solid line in Fig. 2 is an exponential fit showing good agree-simulate a XMLL experiment, the applied field is rotated by
ment. Phase la@ is shown at the bottom of Fig. 2. Recall- changing the angle, while keepingH constant. At each
ing thatH =32 Oe, we see that the phase lag increases quitgalue of ¢, the energy equation above is minimized to obtain
rapidly for [H| around this value. For smaller applied field y. The XMLL signal is then given by cos2 Results are
magnitudes, less energy is applied to the system, and thus tBaown as the solid line at the bottom of Fig. 1. The calcu-
magnetization increasingly lags the applied field. The solidated curve has been scaled linearly to match the magnitude
line in Fig. 2 shows an exponential fit to the data. of the experimental XMLL signal.

The XMLL data from the F€O0D) film is shown at the Agreement is close between calculation and experiment.
bottom of Fig. 1 by filled circles. An applied field angle of It is energetically unfavorable for the magnetization to be
0° corresponds to the EEOQ] direction and the direction of aligned along the hard axis of the sample. In our moglés,
€. From MOKE loops taken on the sample, thE00] is  determined from the angle of an energy minimum. As the
along the easy-magnetization axis and the sample anisotro@pplied field is rotatedi.e., ¢ is changeg the angle of this
is fourfold. Clearly, the stronger magnetocrystalline anisot-minimum will follow. However, asp crosses a hard axis, the
ropy influences the shape of the XMLL. While the XMLL angle of the energy minimum abruptly changes. We thus con-
still varies as cos# the transition across a hard axis is moreclude that it is this abrupt change in the angle of the energy

abrupt than that seen in the weak anisotrgpylycrystalling minimum that is the cause of the step observed in the simu-
Downloaded 13 Nov 2001 to 164.54.85.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 79, No. 7, 13 August 2001 Antel, Jr. et al. 999

lated XMLL. Finally, it can be concluded that the step in the This work was also supported by the Australian Synchrotron
experimental data is due to the magnetic moment switchingResearch Program, which is funded by the Commonwealth
from an easy axis parallel té to another easy axis perpen- of Australia under the Major National Research Facilities
dicular toe. Program.
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